Introduction {#s1}
============

The β-adrenergic receptors (β-ARs) are part of a family of membrane proteins known as g-protein coupled receptors where, upon binding of a catecholamine to the receptor, stimulates a conformational change in the β-AR that causes coupling with G-proteins. G-proteins consist of α, β, and γ subunits and β-AR coupling leads to the dissociation of the G-protein into active Gα and Gβ subunits to mediate downstream signaling \[[@R01]\]. Moreover, β-AR agonist binding results in a dissociation of the stimulatory Gα (G~αs~) protein \[[@R02]\]. G~αs~-bound guanine triphosphate (GTP) then phosphorylates the enzyme adenylyl cyclase (AC). Both AC and cAMP have the ability to regulate downstream mechanisms via multiple internal cell signaling pathways \[[@R03]-[@R07]\]. Conversely, β-AR antagonist binding causes a competitive inhibition against catecholamine and sympathetic nervous stimulation, thereby inhibiting the dissociation of G~s~ proteins \[[@R08]\].

One subtype of the β-ARs is the beta-1 adrenergic receptor (ADRB1). The ADRB1 subtype has been shown to play a functional role in cardiomyocyte function and accounts for approximately 70% of the cardiac tissue adrenergic receptors in the atria, 80% in the ventricles, and 95% in the sinoatrial (SA) node \[[@R9]\]. Research has demonstrated that ADRB1 stimulation increases cardiac rate, contractility and work \[[@R10], [@R11]\]. Multiple polymorphisms of the *ADRB1* have been identified as including a glycine (Gly) for serine (Ser) at amino acid 49 resulting in either homozygous for Gly (Gly49Gly) or heterozygous for Gly (Gly49Ser) polymorphisms. The Gly49 polymorphism has been shown to have decreased receptor density, decreased cAMP accumulation, and a dampening response to the cardio-stimulant effect of norepinephrine infusion \[[@R12], [@R13]\]. Heart failure (HF) patients with this polymorphism (Gly49) have also been shown to have improved cardiac function and decreased mortality risk \[[@R14]-[@R16]\]. Furthermore, studies have demonstrated autoantibodies against ADRB1 are associated with more favorable myocardial recovery in patients with recent-onset cardiomyopathy \[[@R17]\]. This suggests the Gly49 polymorphism may have inherent cardioprotective effects similar to that of a beta-blocker.

While many studies have demonstrated the cardioprotective effect of the Gly49 polymorphism in HF, little is known of the effect of this polymorphism in healthy subjects or on the function in response to endogenous agonist (catecholamine) changes. Additionally, there is a lack of research exploring the effect of the Gly49 polymorphism on cardiovascular response to exercise in healthy subjects. This study aimed to identify the effect of *ADRB1* polymorphisms on resting cardiovascular function and on cardiovascular response to exercise in healthy subjects.

Materials and Methods {#s2}
=====================

Subjects {#s2a}
--------

Data analyzed for this article were part of a larger study on adrenergic receptor genotypes and cardiopulmonary function at rest and during exercise but the data have not been assessed as presented in this study \[[@R18], [@R19]\]. This study received approval by the appropriate ethics committee and has therefore been performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and its later amendments. Appropriate consent has been obtained pursuant to law, and the subjects were informed of the benefits and risks of the investigation before signing an institutionally-approved informed consent prior to participation. Seventy-one untrained subjects, ages 20 - 40 years, agreed to participate and were genotyped for Gly49Ser polymorphisms of the *ADRB1*. All subjects were healthy nonsmokers and not on medication.

Procedures {#s2b}
----------

Subjects underwent baseline screening tests including pulmonary function testing, an incremental cycle ergometry test to exhaustion on a cycle ergometer, a blood draw for a complete blood count (to rule out anemia) and in women, a pregnancy test. The baseline exercise study, served as an initial familiarization session, was used to determine work intensities for subsequent sessions, and acted as a screening study to rule out myocardial ischemia and abnormal arrhythmias. After these initial tests, subjects met with the Clinical Research Center (CRC) nutritionist and were put on a controlled sodium diet (3,450 mg/d) for 3 days with a 24-h urine collection to confirm sodium intake. Subjects subsequently returned to the CRC on two occasions for exercise testing while maintaining a salt neutral diet.

The next session consisted of a cycle ergometry test similar to the first visit but with the additional measurement of Q using a previously validated open-circuit acetylene uptake method \[[@R20]\]. This session served as a further familiarization with the measurements to be made on the final study day and also allowed for confirmation of workloads for the final visit.

On the last study visit, resting measurements of Q, heart rate (HR), stroke volume (SV), and arterial blood pressure (BP) were made. Cardiac output was measured with the open-circuit acetylene method, BP was measured via an arterial catheter, HR was measured via a 3-lead EKG, and SV was calculated by dividing Q by HR, and cardiac index (CI) was calculated by dividing Q by weight. Subjects then exercised for 9 min at about 40% and 9 min at about 75% of their peak workload achieved during the initial exercise studies while measurements were repeated every 2 - 3 min. Nine min of exercise was performed because pilot data suggested that this was an adequate time frame to obtain three sets of measures and brought the subjects close to exhaustion with the higher workload with minimal physiologic drift in VO~2~ and cardiovascular function. All visits were conducted in the morning to account for testing variability.

*ADRB1* genotyping {#s2c}
------------------

Buffy coat, obtained from whole blood collected on EDTA, was used for genomic DNA extraction using the Gentra Puregene DNA Isolation Kit (Gentra Systems Inc., Minneapolis, MN, USA), and DNA samples were sent to the University of Arizona Genomics Core for genotype analysis. A polymerase chain reaction (PCR) was conducted according to standard methods, using the following primer sequences (e.g., for Ser49Gly): (forward) 5′-CCG GGC TTC TGG GGT GTT CC-3′ and (reverse) 5′-GGC GAG GTG TGG CGA GGT AGC-3′, resulting in a PCR product 564 bps in length. For genotype analysis, a plate of sample DNA was normalized to 1 ng/uL. A total of 10 uL of this stock DNA was plated into an AB1400/W reaction plate (Thermo Fisher) and was vacuum desiccated. A reaction mixture of Taqman Fast Advance Mastermix (Life Technologies), reaction-grade water (Thermo Fisher), and pre-designed Taqman SNP genotyping assays (Life Technologies) was created and pipetted into the wells containing vacuum dried DNA. The plate was sealed with AB1170 Absolute qPCR Plate Seals (Thermo Fisher), centrifuged, and pre-read in an ABI 7300 qPCR instrument. The plates were relocated to a BioRad Tetrad Thermocycler system (BioRad) and reacted. The thermocycling protocol was as follows: one cycle of 15 min at 45 °C, 3 min at 95 °C, followed by 40 cycles of 15 s at 95 °C and 60 s at 58 °C. The reacted PCR plates were cooled to 4 °C, centrifuged, and post-read on the ABI 7300 instrument. The data were analyzed using the SDS 1.4.1 software. The Ser49Ser homozygous genotype is represented by a single 564 bp band and the Ser49Gly by two products of 219 and 343 bp.

Statistical analyses {#s2d}
--------------------

All statistical comparisons were made using a statistical software package (SPSS; SPSS Inc, Chicago, IL, USA, version 19). Group demographics were compared with a one-way ANOVA using an α level of 0.05 to determine statistical significance. Genotype differences in performance were compared with an ANOVA to detect differences among the specific genotype groups.

Results {#s3}
=======

Subject characteristics {#s3a}
-----------------------

Seventy-one subjects were enrolled in this study (36 male and 35 female). Genotyping for *ADRB1* was completed for amino acid position 49 with individuals who were homozygous for serine (Ser49Ser, n = 52) or heterozygous (Gly49Ser, n = 19) at codon 49. There was no statistically significant difference between genotype groups for age, height, weight, body mass index (BMI), or peak watts achieved, during the maximal exercise test ([Table 1](#T1){ref-type="table"}).

###### Subject Characteristics

  Study demographics   No.     Mean ± SD      P-value
  -------------------- ------- -------------- ---------
  Sex (Male/female)                           
    Ser49Ser           26/26   \-             \-
    Gly49Ser           10/9    \-             \-
    Total              36/35   \-             \-
  Age (yrs)                                   
    Ser49Ser           52      28.9 ± 5.6     0.25
    Gly49Ser           19      30.6 ± 6.4     
    Total              71      29.3 ± 5.8     
  Height (cm)                                 
    Ser49Ser           52      173.6 ± 9.9    0.87
    Gly49Ser           19      174 ± 7.4      
    Total              71      173.7 ± 9.3    
  Weight (kg)                                 
    Ser49Ser           52      74.4 ± 13.3    0.5
    Gly49Ser           19      71.9 ± 13.5    
    Total              71      73.8 ± 13.3    
  BMI                                         
    Ser49Ser           52      24.6 ± 3.5     0.33
    Gly49Ser           19      23.6 ± 3.3     
    Total              71      24.3 ± 3.4     
  Watts                                       
    Ser49Ser           52      223.8 ± 76.8   0.33
    Gly49Ser           19      205 ± 49.4     
    Total              71      218.7 ± 70.6   

Ser49Ser: genotype (homozygous for *ADRB1* resulting in serine at amino acid 49); Gly49Ser: genotype (heterozygous for *ADRB1* resulting in one glycine and one serine at amino acid 49); BMI: body mass index. There were no statistically significant differences in demographic data.

Cardiac output, stroke volume and blood pressure {#s3b}
------------------------------------------------

There were no statistically significant differences between genotype groups for cardiac output (Q) or systolic blood pressure (BP~sys~) at rest, peak exercise, or in change from rest to peak exercise ([Fig. 1](#F1){ref-type="fig"}). There were no significant differences between genotype groups for diastolic blood pressure (BP~dias~) or stroke volume (SV) at rest or peak exercise ([Fig. 1](#F1){ref-type="fig"}). There was a trend towards significance between genotype groups for change in SV (P = 0.058) from rest to peak exercise. Furthermore, while not statistically significant (P = 0.08), there was a clinically significant difference between genotype groups for change in BP~dias~ from rest to peak exercise (-5.5 ± 15.4 and 1.3 ± 11.5 mm Hg for Ser49Ser and Gly49Ser respectively) ([Fig. 1](#F1){ref-type="fig"}). We have defined this as clinically significant as small changes in BP (about 5 mm Hg) can drastically influence survival in HF patients \[[@R21]\].

![Panels depict the change from rest to peak exercise in (a) cardiac output (Q), (b) systolic blood pressure (BP~sys~), (c) diastolic blood pressure (BP~dias~), and (d) stroke volume (SV). The error bars represent the SE of the mean. †Possible trend towards significance for change in BP~sys~ (P = 0.08) and SV (P = 0.058) from rest to peak between genotype groups. ∫Clinically significant difference between genotype groups for change in BP~dias~ from rest to peak exercise (-5.5 ± 15.4 and 1.3 ± 11.5 for Ser49Ser and Gly49Ser, respectively).](cr-09-343-g001){#F1}

Cardiac index, heart rate and systemic vascular resistance {#s3c}
----------------------------------------------------------

There were no statistically significant differences between genotype groups for CI at peak exercise or for change in CI from rest to peak exercise. Nor were there any differences between genotype groups for resting HR or for change in HR from rest to peak exercise. Further, there were no statistically significant differences between genotype groups in systemic vascular resistance (SVR) at peak exercise or for change in SVR from rest to peak exercise. There were, however, differences between genotype groups for resting CI (P = 0.037) and SVR (P = 0.046) and for HR at peak exercise (HR~max~) (P = 0.016), with the Gly49Ser genotype presenting improved CI and a lower SVR at rest, and a higher HR at peak exercise ([Fig. 2](#F2){ref-type="fig"}).

![Panels depict the change from rest to peak exercise in (a) cardiac index (CI), (b) heart rate (HR) and (c) systemic vascular resistance (SVR). The error bars represent the SE of the means. \*P \< 0.05 for Ser49Ser vs. Gly49Ser pairwise comparisons.](cr-09-343-g002){#F2}

Discussion {#s4}
==========

In the present study, we demonstrate that genetic variation of the *ADRB1* is associated with differences in some components of the cardiovascular responses to peak exercise in healthy subjects. Individuals with one glycine allele (Gly49Ser) at amino acid 49 demonstrate a trend towards significance for change in SV from rest to peak exercise. The Gly49Ser polymorphism demonstrated a blunted response in SV in response to peak exercise and a significant change in BP~dias~ from rest to peak exercise, and the Gly49Ser polymorphism demonstrated a greater increase in BP~dias~ and the Ser49Ser polymorphism demonstrating a decrease in BP~dias~. Further, the Gly49Ser polymorphism demonstrated an improved CI at rest, an increased HR~max~ at peak exercise, and a lower SVR at rest compared to the Ser49Ser polymorphism.

The ADRB1 subtype is found primarily in the heart and comprises 75-80% of total β-AR found in the heart and approximately 95% of β-AR in the SA node \[[@R22]\]. The G protein signaling pathway associated with the β-AR is important in the modulation of several key target proteins. When activated, cardiomyocyte ADRB1 preferentially binds to the G~as~ protein which phosphorylates AC, generating the secondary messenger cAMP. Increased cAMP accumulation activates PKA \[[@R23]\]. Activated PKA then phosphorylates troponin I, the L-type Ca^2+^ channel and phospholamban (PLB), increasing cardiac inotropy, chronotropy and lusitropy \[[@R24]\].

Research has also shown G~s~ activation can increase L-type Ca^2+^ current directly \[[@R08]\]. L-type Ca^2+^ channels play an integral role in cardiomyocyte excitability and contractility \[[@R01]\]. Phosphorylation of cardiac L-type Ca^2+^ channels by PKA results in an influx of Ca^2+^ into cardiomyocytes. The Ca^2+^ then binds to the sarco/endoplasmic reticulum Ca^2+^-ATPase (SERCA) triggering further sarcoplasmic Ca^2+^ loading resulting in the removal of troponin and tropomyosin inhibition of myosin binding sites \[[@R25], [@R26]\]. Additionally, the phosphorylation of phospholamban (PLB) via PKA, a downstream protein from β-AR stimulation, has been shown to result in the removal of inhibition of SERCA. This increases the quantity and rate of reuptake of cytosolic calcium in the sarcoplasmic reticulum \[[@R27]\]. Recent research also suggests PLB is not sequestered only to the sarcoplasmic reticulum but, rather, PLB pools exist in the nuclear envelope which allows them to regulate perinuclear/nuclear calcium handling \[[@R28]\]. Troponin I is a regulatory protein of cardiac myofibrils and its phosphorylation by PKA inhibits actomyosin ATPase activity resulting in relaxation of cardiomyocytes in response to catecholamines \[[@R12], [@R29]\].

Genetic variants of the *ADRB1* have been shown to modulate the cardiac responses to catecholamine binding; the Gly49 polymorphism has been shown to produce a dampening effect to these responses. These data suggest genetic variations of the *ADRB1* may influence cardiovascular responses to exercise in healthy subjects. In the present study, subjects with the Gly49Ser polymorphism present with a statistically significantly improved cardiac index as compared to the Ser49Ser polymorphism at rest; this difference is abolished at peak exercise. This suggests improved cardiac function at rest with no deleterious effect on cardiac function at peak exercise. Additionally, there is a statistically significant difference between the two polymorphisms for HR~max~ and no difference at rest, with the Gly49Ser polymorphism demonstrating a higher HR~max~. This suggests the Gly49Ser polymorphism has an improved HR reserve. Further, this polymorphism (Gly49Ser) also demonstrated a lower SVR at rest, suggesting the Gly49Ser polymorphism has decreased cardiac work at rest. This coupled with the abolishment of this difference at peak exercise suggests subjects with the Gly49Ser polymorphism have an improved cardiac work reserve. Furthermore, the trend towards significance in change in stroke volume from rest to peak exercise, with the Gly49Ser polymorphism presenting a dampened increase, in addition to there being no difference in HR at rest and improved CI at rest, suggests an improved left ventricular contractility in the Gly49Ser polymorphism. It is interesting to note the clinically significant difference between genotype groups in change in BP~dias~ rest to peak exercise may suggest a systemic influence of the *ADRB1* genotype, particularly in the typically observed arterial vasodilation observed in response to aerobic exercise. These data suggest the Gly49Ser polymorphism to have improved cardiovascular function at rest and peak exercise.

ADRB1 signalling has been shown to play an important role in HF with the degree of sympathetic activity being inversely correlated with survival \[[@R30]\]. Deleterious effects of ADRB1 signalling include apoptosis, myocyte growth, fibroblast hyperplasia, myopathy, fetal gene induction and proarrhythmia \[[@R31], [@R32]\]. As an adaptive mechanism in HF, cardiac ADRB1s become less responsive, either downregulating or uncoupling from the G~s~ pathway \[[@R33]\]. This suggests the less functional variant of the ADRB1 to be clinically important in HF and our data confirm that further study is certainly warranted.

The present study did not demonstrate as large of an effect of *ADRB1* polymorphisms on cardiovascular parameters in healthy subjects as the current research has demonstrated in HF. We postulate this may be due to the change in β-AR ratios in HF and epinephrine/norepinephrine binding affinities for ADRB1 and ADRB2. Previous work has demonstrated a decrease in cardiomyocyte ADRB1 concentration by as much as 61% in HF with no or little corresponding decrease in ADRB2 concentrations \[[@R33]-[@R36]\]. Furthermore, ADRB1 receptors have a high binding affinity for both epinephrine and norepinephrine while ADBR2 receptors have a high binding affinity for epinephrine and a low binding affinity for norepinephrine \[[@R37]\]. Additionally, there is little to no ADRB1 receptor reserve for positive cardiovascular ionotropic effects \[[@R9], [@R38], [@R39]\]. This decrease in β-AR concentration, particularly ADRB1 concentration, and successive decreased catecholamine sensitivity coupled with a low ADRB1 reserve, suggests this decrease in ADRB1 receptor concentrations is a protective mechanism in HF and modulates the effect of ADRB1 polymorphisms on cardiovascular parameters.

Current research suggests a cardioprotective effect of the Gly49 polymorphism in HF and other cardiac pathologies. This present study supports this notion, suggesting improved cardiovascular function at rest and response to peak exercise in healthy subjects and supporting the use of beta-blockers to improve exercise tolerance in HF patients. These findings may be clinically important as exercise is an essential aspect of cardiac rehabilitation following cardiac exacerbations. The ability to improve exercise tolerance in this population may prove integral in improving the efficacy and adherence to exercise as a part of cardiac rehabilitation.

Limitations {#s4a}
-----------

There are inherent limitations regarding genetics studies including sample size and genotype distribution. Limited statistical power because of the modest sample size and different genotype distribution in the present study (n = 71) may have played a role in limiting the significance of some of the statistical comparisons conducted. A post hoc power analysis revealed the power to detect statistically significant differences between groups for CI at rest and HR~max~ to be 0.625 and 0.613, respectively at α = 0.05, suggesting sufficient sample size for the present study. Furthermore, our study population was void of the homozygous Gly49Gly genotype. This can be explained by the genotype frequency of the three genotypes present at amino acid 49 (0.69, 0.29, and 0.04 for Ser49Ser, Gly49Ser, and Gly49Gly respectively) but may vary among different racial/ethnic groups \[[@R40]\]. However, present research has demonstrated the Gly49Ser and Gly49Gly polymorphisms function similarly, suggesting there is no additive effect of an additional glycine present at amino acid 49 and that the Gly49Ser polymorphism may be representative of the Gly49 polymorphism as a whole for *ADRB1* \[[@R9], [@R11]\].

Conclusions {#s4b}
-----------

The present study examined the influence of *ADRB1* genotype on cardiovascular response to exercise in healthy subjects. Our data demonstrated the Gly49Ser genotype has a blunted SV response to peak exercise and a significant change in BP~dias~ from rest to peak exercise compared to the Ser49Ser genotype. Additionally, the Gly49Ser demonstrated improved CI at rest, increased HR~max~ at peak exercise, and a lower SVR at rest compared to the Ser49Ser genotype. The current study suggests improved cardiovascular function at rest and response to peak exercise in healthy subjects and provides further evidence to the cardioprotective effect of the Gly49 polymorphism in a healthy population.
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